The effect of incorporating ZrC particulates on the microstructure and mechanical behavior of Nb-Mo-W ternary alloy prepared through a powder metallurgy route was investigated. Microstructure of the alloy was examined by optical microscopy, X-ray diffractometry and electron probe microanalysis. Tensile tests were conducted from room temperature up to 1773 K. The results revealed that the incorporation of a small amount of ZrC particle is effective in improving the tensile strength and ductility of Nb-Mo-W alloy at elevated temperature. A transition of fracture mode from a brittle transgranular mode to ductile intergranular mode was observed in the composite with ZrC particles at elevated temperature.
Introduction
Nb-based alloys are one of the most promising refractory metals to replace the Ni-based superalloys for ultra-high temperature application. This is because Nb has a high melting point of 2741 K and its ductile-brittle transition temperature is below room temperature. However, the Nb was found to have lower strength at elevated temperature as compared with Ni-based superalloys. To improve the strength of Nb at elevated temperature, solid solution strengthening or two-phase alloys containing solid solution and intermetallics such as Nb 3 Ir, Nb 5 Si 3 and Nb 3 Al, or carbides such as ZrC, TiC and HfC had been investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Tan et al. have reported that Mo or W is the most effective element for solid solution strengthening of Nb. In the Nb-Mo-W ternary alloys, the strength was found to increase with increasing Mo or W or Mo+W even at temperature above 1773 K. 11, 12) However, the ductility of those alloys decreased significantly. A new approach needs to be established to improve the ductility for the Nb-Mo-W ternary alloy.
The aim of this study is to investigate the effect of incorporating ZrC particulates on the mechanical behavior of Nb-Mo-W ternary alloys prepared via powder-metallurgy route from room temperature to 1773 K. Powder metallurgy method was used because it is difficult to control the microstructure of Nb-based alloys via melting and thermomechanical processing due to the high melting temperature of Nb, Mo and W. The effect of ZrC addition on the microstructure, mechanical properties and fracture mode of NbMo-W ternary alloys as a function of temperature are discussed.
Experimental Procedure
The nominal compositions used in this study are Nb-5 at%Mo-15 at%W, Nb-5 at%Mo-15 at%W-1.2 at%ZrC and Nb-5 at%Mo-15 at%W-2.4 at%ZrC. The starting materials used for the preparation of the Nb-Mo-W-ZrC composites were high purity Nb (99.9% pure, 325 mm), Mo (99.9% pure, 3 mm), W (99.9% pure, 8 mm) and ZrC (99.5% pure, 1.8 mm) powders. These powders (1000 g per charge) were blended in a 3-liter plastic container using a cross-rotary ball mixing apparatus for 30 hours. ZrO 2 balls with a diameter of 10 mm were used to ensure a homogeneous blending of the powder mixture. The powder mixture was cold-isostatic-pressed (CIP, 4 ton press) at room temperature. Then, the green parts were sintered in a vacuum furnace at temperatures of 2273 K for 1 hour. Finally, the pre-sintered compacts were densified by hot-pressing in vacuum at 2173 K for 3 hrs. The ingots were annealed at 2073 K for 24 hrs in an argon atmosphere, followed by furnace cooling.
Microstructure and compositions of the alloys were examined by optical microscopy, X-ray diffractometry (XRD) and electron probe microanalysis (EPMA). The specimens were prepared by electric-discharge machining (EDM) of each annealed ingots. The dimensions of specimen for tensile tests were 3 mm Â 3 mm Â 10 mm (parallel section). The surfaces of the specimens were mechanically polished. Mechanical testing was conducted in air at room temperature and in an argon atmosphere at elevated temperature up to 1773 K. Initial strain rate was chosen to be 1:4 Â 10 À4 s À1 . Fracture surface of tensile test specimens were examined in a scanning electron microscope. Figure 1 shows the optical micrographs of the annealed Nb-5Mo-15W alloy and Nb-5Mo-15W-1.2ZrC composite. A solid solution single phase was observed in the Nb-5Mo-15W alloy, whereas a mixed microstructure of solid solution and carbide was observed in the Nb-5Mo-15W-1.2ZrC and Nb5Mo-15W-2.4ZrC composites. The carbide phase was mainly distributed along the grain boundary, and the amount of carbides increases with increasing ZrC concentration. The grain size was measured to be 45 mm, 25 mm and 20 mm for Nb-5Mo-15W, Nb-5Mo-15W-1.2ZrC and Nb-5Mo-15W-2.4ZrC, respectively. Obviously, the addition of ZrC is effective in inhibiting the grain growth of the Nb-5Mo-15W alloy. Figure 2 shows the X-ray diffraction patterns of the annealed Nb-5Mo-15W alloy and Nb-5Mo-15W-2.4ZrC composite. The results clearly revealed that the single phase observed in the Nb-5Mo-15W alloy is Nb solid solution (Nb ss ) with A2 structure. The ZrC-containing composites, such as Nb-5Mo-15W-2.4ZrC, consisted of Nb ss and MC type carbide with B1 structure. The carbide was also confirmed to be (Zr,Nb)C through a compositional analysis via EPMA.
Results and Discussion
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Figures 3(a)-(c) show the tensile stress-stain curves of Nb5Mo-15W alloy, Nb-5Mo-15W-1.2ZrC and Nb-5Mo-15W-2.4ZrC composites at room temperature, 1573 K and 1773 K, respectively. The results clearly show that the Nb-5Mo-15W alloy exhibited a linear stress-stain behavior till fracture occurred abruptly at all temperatures. This confirms that the addition of Mo or W to Nb-based alloy reduced its ductility even at high temperature. 11, 12) Both Nb-5Mo-15W-1.2ZrC and Nb-5Mo-15W-2.4ZrC composites also exhibited a linear stress stain behavior till fracture at room temperature.
However, the tensile strength of ZrC-containing composite is substantially higher than the base alloy at room temperature. At both 1573 K and 1773 K, both ZrC-containing composites exhibited some plastic deformation. It is evident that the addition of a small amount of ZrC improved the ductility of Nb-5Mo-15W alloys at elevated temperatures.
Figures 4 and 5 show the 0.2% tensile flow stress, and tensile elongation of Nb-5Mo-15W, and ZrC-containing composites as a function of temperatures, respectively. In the figures, the data of Nb-17.6W-1.2ZrC alloy was also included for comparison.
13) The failure strengths of Nb-5Mo-15W alloy from room to elevated temperature as well as the fracture strength of Nb-5Mo-15W-1.2ZrC and Nb-5Mo-15W-2.4ZrC composites at room temperature were also included for comparison and shown in filled marks. As seen in the figures, it is clearly shown that the 0.2% tensile flow stress of the ZrC-containing composites is consistently higher than that of the base alloy without ZrC addition from roomto elevated temperatures. The 0.2% flow stress of the Nb5Mo-15W-2.4ZrC appears to be slightly higher than that of the Nb-5Mo-15W-2.4ZrC composite at elevated temperatures. Also, the ductility of ZrC-containing alloys increases with increasing temperature as shown in Fig. 5 . Figures 6(a)-(f) show the fracture surfaces of the Nb-5Mo-15W alloy, Nb-5Mo-15W-1.2ZrC and Nb-5Mo-15W-2.4ZrC composites after tensile tests at room temperature, 1573 K and 1773 K, respectively. At room temperature, both the base alloy and ZrC-containing composites exhibited a brittle transgranular cleavage failure mode. At 1773 K, the Nb5Mo-15W alloy exhibited a brittle intergranular failure. However, both Nb-5Mo-15W-1.2ZrC and Nb-5Mo-15W-2.4ZrC composites exhibited a ductile, transgular failure mode at elevated temperature. Voids around the ZrC particles can be clearly observed. From these results, it clearly illustrated that the ductile-brittle transition temperature of Nb-Mo-W alloys was reduced through the addition of a small amount of ZrC particles.
From above results, it is evident that the addition of a small amount of ZrC particulate can improve both the tensile strength and ductility of Nb-5Mo-15W alloy at elevated temperatures. In an earlier study, Tanaka et al. 8) reported that the addition of small amounts (1 at%) of carbon or HfC improved both the 0.2% flow stress and ductility of Nb-5Mo-(a) (b) Fig. 1 The optical micrographs of the (a) Nb-5Mo-15W and (b) Nb-5Mo-15W-1.2ZrC composite after annealing. Fig. 2 The X-ray diffraction patterns of the annealed Nb-5Mo-15W alloy and Nb-5Mo-15W-2.4ZrC composite.
15W alloy at 1773 K. The materials used by Tanaka's study were prepared by an arc melting method. As a result, these is almost no oxygen found on the grain boundary. The improvement of properties was attributed to clearing the oxide on grain boundary by carbide. 8) Similar behavior was also observed on Mo-based alloys with small carbide addition. 14) In this study, the materials prepared by the P/M processing have a higher oxygen concentration (about several thousand ppm). Nevertheless, a large ductility improvement is obtained at elevated temperature. Therefore, the mechanisms proposed by Tanaka et al. may not be applicable to the ductility enhancement of the current P/M alloy. Clement also reported that the addition of (1.2 at%) ZrC is effective in improving both the ductility and strength of a Nb-17.6W alloy at elevated temperatures. 13) However, no explanation was provided for the improvement of ductility and strength.
The improvement of tensile strength and ductility at elevated temperatures may be attributed to composite effects and grain refinement. The elastic modus and hardness of ZrC are $400 GPa and 24.4 GPa, respectively, which are much higher than those for the Nb-5Mo-15W.
15) Therefore, it is expected that the strength and modulus of the ZrC-containing composite would be improved over the monolithic matrix alloy. The strengthening effect derived from incorporating refractory carbide particulates have been reported extensively for the particulate-reinforced aluminum-, titanium-and superalloy-matrix composites. 16, 17) Microstructural analysis also revealed that the presence of ZrC particles at the grain boundary effectively inhibites the grain growth of the Nb5Mo-15W alloy (from 45 mm to below 25 mm). Fractographic analysis shown in Fig. 6 also indicated that the fracture modes in the Nb-5Mo-15W alloy with and without ZrC and Nb-5Mo-15W-2.4ZrC composites as a function of temperature. The data of Nb-17.6W-1.2ZrC was taken from. 13) particles are quite different. It appears that the reduction of grain size due to the presence of ZrC particles results in increasing the threshold stress for intergranular cleavage failure at elevated temperatures. As a result, plastic deformation occurs inside the grains, which leads to the formation of voids and ductile transgranular failure in the composite. Therefore, the strengthening and ductility improvement of the ZrC-containing Nb-5Mo-15W composite could be due to grain size refinement as well. More work is currently being conducted to further elucidate the strengthening and toughening mechanisms, and to evaluate the fatigue and creep behavior of the ZrC-containing Nb-5Mo-15W composites. 
